A complex sensitivity of afferent nerves in the mesentery of the rat jejunum to systemic administration of histamine has recently been demonstrated. In the present study, we aimed to characterize subpopulations of mesenteric afferents that mediate this afferent nerve response.
Introduction
Mucosal mast cells play an important role in the defence against harmful material within the gastrointestinal lumen. During mast cell degranulation, triggered experimentally during intestinal anaphylaxis, mast cell mediators orchestrate motor and secretory responses that serve to dilute and expel antigenic material from the gut (16, 20) . Neural mechanisms play an important part in these responses with both enteric and extrinsic reflexes contributing to the disturbed motor and secretory function. In this respect, it has recently been demonstrated that the terminations of vagal mucosal afferents come into close proximity with mast cells in the lamina propria (21) . Such morphological association sets the stage for a functional interaction between afferent neurons and mast cells. A role for both 5-HT and histamine released from activated mast cells is implicated in the mesenteric afferent response to luminal antigen in sensitised animals (11) .
It has been reported that activation of second order neurons in the brainstem, as represented by the expression of Fos in the nucleus tractus solitarius (nTS) during intestinal anaphylaxis, can be attenuated to a similar extent by 5-HT 3 and histamine H 1 receptor antagonists acting in the periphery again implicating a role for 5-HT and histamine in mast cell to nerve signalling (3, 12) . Surprisingly when treatment with these antagonists are combined there is no summation of their ability to ameliorate brainstem activation (12) . This observation led us to the hypothesis that afferent activity stimulated in the periphery by histamine and 5-HT converges in the brainstem on to a single population of nTS neurons. Selective attenuation of either afferent input following treatment with receptor antagonists may thus be sufficient to reduce activity in these neurons to a level at which c-fos expression no longer occurs and under these circumstances the effect of the antagonists would not be additive. However, the level at which convergence of input occurs could be in the brainstem itself and / or in the periphery and in the case of the latter could arise in one of at least three different ways.
One possibility is that during mast cell degranulation a cascade of events may lead to the sequential release of histamine and 5-HT with a final common mechanism leading to activation of a single population of vagal afferents. Certainly 5-HT 3 receptors are expressed on the soma of vagal afferents in the nodose ganglia (17) and several studies have demonstrated functional receptors on vagal afferent nerve terminals in the gastrointestinal mucosa (6, 7). However, histamine H 1 receptors are also expressed on vagal sensory neurones and are coupled to inhibition of a potassium conductance leading to increased neuronal firing (10) . We have also recently shown that mesenteric afferents (which contain both vagal and spinal afferents) supplying the small intestine have a complex sensitivity to histamine mediated by H 1 receptors with a biphasic response profile reflecting both direct and indirect effects on afferent firing (13) . There is therefore the potential for both histamine and 5-HT to directly and independently stimulate vagal input to the brainstem. Thus another possibility is that two different subsets of vagal afferents may be activated by either 5-HT or histamine and the information conveyed by these fibres then converges on the same population of second order neurones in the nTS. Indeed, there is a wealth of data demonstrating a hugely convergent vagal input to the brainstem (1). However, it is also conceivable that 5-HT and histamine may act through separate receptor mechanisms on the same population of intestinal afferent nerve fibres that convey mast cell mediated signals to the brainstem. An action at the level of the afferent nerve terminal would explain why both 5-HT 3 and H 1 receptor antagonists have an inhibitory effect on mast cell mediated afferent firing during intestinal anaphylaxis (11) .
Thus the aim of this study was to investigate the relationship between histamine and 5-HT mediated activation of intestinal afferents in the rat by addressing the following four questions. To what extent does 5-HT and histamine stimulate mesenteric afferent firing? Are the responses to these mediators independent of each other? What population of afferents within the mesenteric afferent bundles respond to these mediators and is this the same population(s) for both mediators?
Methods

Afferent recordings from mesenteric nerve bundles
Experiments were performed on Hooded Lister rats (body weight 250 to 350g), which had been fasted for 12h with free access to water. The institutional guidelines for the use and care of animals were followed throughout the study. Experiments were performed as previously described (13) . In brief, after induction of deep anesthesia 
Responses to 2m5HT and histamine
A 20 min baseline recording was allowed after the nerve had been prepared for signal stabilisation. Thereafter, 2-methyl-5-HT (160 nmolkg -1 ) and histamine (8 µmolkg -1 )
were administered intravenously with subsequent administrations following restoration of baseline parameters. As the afferent response to histamine decreases during repeated administration (13) , the effect of ondansetron (500 µgkg -1 ) on the responses to 2m5HT and histamine were compared with a group of vehicle treated animals.
Mucosal anaesthesia
Histamine was administered 10 min before, during and 15 min after jejunal perfusion with 2% lidocaine. Lidocaine was perfused through the cannulated loop of jejunum for 2 min immediately prior to the administration of histamine. Responses to histamine were compared with those to 2m5HT and distension produced by injecting 1 ml of saline into the closed loop to generate a pressure of approximately 10 mmHg.
Chronic vagotomy
The mesenteric afferent response to histamine (8 µmolkg -1 ) was assessed in 5 animals following subdiaphragmatic vagotomy performed 2 weeks prior to experimentation in order to eliminate vagal fibres from within the mesenteric bundles as described previously (7).
Data analysis
Afferent responses were characterized in terms of discharge frequency (imp s -1 ), response duration (s) and response latency (s). Baseline discharge was determined over a 20 s period immediately prior to administration of histamine or 2-methyl 5-HT, while the maximum response was quantified as the increase in discharge above baseline during a 1 second period identified as the peak in afferent firing in a sequential rate histogram. In the case of the histamine response which was often biphasic, the maximum was determined during the first phase which occurred rapidly (<10s) following administration and a second phase which was more delayed in onset and maintained over a longer time period. During monophasic responses the first phase was absent. The response profile was analysed in detail in a total of 18 control experiments, 12 showing a biphasic profile and 6 a monophasic response to histamine.
Treatment groups were also subjected to the detailed analysis. In the remaining experiments the response profile was assessed qualitatively as either biphasic or monophasic for histamine and present or absent for the response to 2m5-HT. The latency was a critical factor in this qualitative assessment since the first phase of the histamine response and the response to 2m5-HT occurred after a latency that coincided with the circulation delay following intravenous administration (determined in some experiments by adding dye to injection vehicle and observing its arrival in the intestinal vessels). An increase in afferent firing after a latency greater than 5s was taken as representing a monophasic response.
In some recordings with exceptional signal to noise ratio and a limited number of viable units in the mesenteric nerve bundles, it was possible to perform single unit analysis using a process of computerized template matching. Briefly, this procedure relies on the different amplitude and waveform of action potentials within the multiunit recording. Spike2 software automatically sets templates for these action potentials and subsequently extracts the activity of spikes that match these carefully defined templates. This data is used to construct peri-stimulus histograms of individual units within the whole nerve recording. The parameters used when setting up templates for single action potentials could be varied but typically we require at least 60% of the data points to match the predefined template with an amplitude error of < 2%. The details of this approach have been published previously (8) .
Compounds
Histamine was purchased from Sigma chemicals, Munich, Germany. Lidocaine 2 % was obtained from Braun Melsungen, Melsungen, Germany, 2-methyl-5-HT (2m5HT) from Research Biochemicals International (RBI), Natick, MA, USA.
Ondansetron was a gift from Glaxo Wellcome, Stevenage, UK. All compounds were dissolved in normal saline.
Statistics
Data are presented as mean ± S.E.M. Statistical analysis was performed using paired or unpaired t-tests as appropriate with Bonferroni corrections employed for multiple comparisons. Significance was taken as p < 0.05.
Results
The whole nerve mesenteric afferent response to systemic administration of histamine (8 µmolkg -1 ) was evaluated in 116 nerve bundles during the course of this and a previous study (13) . In every case, histamine evoked an increase in afferent discharge but the response pattern differed according to the bundles' sensitivity to 2m5HT (160 nmolkg -1 ). In 97/116 bundles (84%), 2m5HT evoked a short latency, powerful but transient burst of afferent firing similar to that described previously (8) . In these 2m5HT-sensitive bundles the response to histamine was biphasic (Fig. 1) . In contrast, in the 16% of mesenteric bundles in which this response to 2m5HT was absent, a monophasic rise in afferent discharge was observed following histamine administration.
The biphasic response to histamine consisted of a rapid increase in afferent firing after a latency of 3.3 ± 0.2 s, reaching an early peak (30 ± 4 imp s -1 above a baseline discharge of 13 ± 2, n=12) within about 1 s of the response onset. This latency is significantly delayed compared to 2.4 ± 0.3 sec following 2m5HT (p < 0.01) while the magnitude is significantly reduced compared to 62 ± 13 imp s -1 following 2m5HT (p < 0.05). The transient response to histamine was followed by a second larger and more prolonged increase in afferent firing (51 ± 6 imp s -1 , Table 1 ). In bundles showing a monophasic response to histamine, the baseline discharge was similar (16 ± 3 imp s -1 , p > 0.05) but the early response was absent as reflected in the significantly longer onset latency (7.3 ± 0.5s), while the remaining response was not statistically different in terms of magnitude or duration from the second component of the biphasic response (Table 1) . In all experiments, the afferent response to histamine was accompanied by a decrease in systemic blood pressure and a rise in intestinal pressure. These concomitant effects contribute little to the afferent nerve discharge following histamine as has been described in detail elsewhere (13) .
Histamine responses in 2m5HT sensitive bundles (single-unit analysis)
The absence of an early response to histamine in mesenteric afferent bundles that were devoid of a 2m5HT response raised the possibility that both amines could activate the same population of afferents. This hypothesis was examined using computerized template matching (8) to extract single-unit responses from within the multi-unit recordings. A total of 29 histamine sensitive single-units were identified from 10 recordings in which the spike profile could be clearly discriminated. Of these, 10 units responded to 2m5HT and 8 of these showed a prominent first phase response to histamine (Fig. 2) . The remaining19 units did not respond to 2m5HT and responded to histamine during the second phase of the histamine response.
Some afferents responded to both 2m5HT and histamine and since the former is known to result from a direct action on a sub-population of vagal mucosal afferents (7, 8) , we hypothesised that this would be true also for the early component of the histamine response, in which case this component would be attenuated by vagotomy and mucosal anaesthesia.
Effect of chronic subdiaphragmatic vagotomy
Baseline discharge in vagotomized bundles was not significantly different from control animals (11 ± 6 imp s -1 , p > 0.05). However, the response to 2m5HT was absent and histamine (8 µmolkg -1 ) evoked a monophasic response whose profile was similar to that of the monophasic control animals, although the magnitude was significantly reduced (p < 0.05; Table 1 ).
Effect of mucosal anaesthesia
Mucosal anesthesia with luminal lidocaine (2%) converted a biphasic increase in afferent nerve discharge in response to histamine into a monophasic profile in which the early component was absent (Table 1 ). An early peak in afferent nerve discharge of 37 ± 5 imps -1 above a baseline of 18 ± 2 imps -1 occurred 4.9 ± 0.9 s following histamine administration before mucosal anesthesia, but was absent during mucosal anesthesia. The early peak returned but was attenuated 15 min after anesthetic washout, reaching 22 ± 5 imps -1 after a latency of 5.9 ± 1.2s (p < 0.05 versus the control response before mucosal anesthesia). The second component was also significantly attenuated during mucosal anesthesia compared to the response to histamine prior to luminal lidocaine (51 ± 7 imps -1 vs 25 ± 8 imps-1, p < 0.001, n=6).
The peak discharge response to 2m5HT was similarly attenuated by mucosal anaesthesia (Table 1 ) and partially recovered on washout.
Afferent sensitivity following histamine or 5-HT receptor antagonists
The observations that sensitivity to 2m5HT and the early histamine response occur in the same population of afferents and are attenuated in parallel by vagotomy and mucosal anaesthesia could be explained if the response to histamine was indirect following the release of endogenous 5-HT and subsequent activation of 5-HT 3 receptors on the terminals of vagal mucosal afferents. If this were the case then the response to histamine would be attenuated by treatment with a 5-HT 3 -receptor antagonist. However, the response to histamine remained biphasic after treatment with ondansetron (500 µgkg -1 i. v., n=4). Peak discharge frequency in the 1st phase of the histamine response was 33 ± 7 imps -1 above a baseline discharge rate of 15 ± 4 imps -1 after ondansetron compared to a peak of 27 ± 5 imps -1 in vehicle treated animals (n=6) while the response latency was 4.2 ± 0.5 s and 3.8 ± 0.3 s respectively..
Ondansetron abolished the afferent response to 2m5HT. The histamine H 1 -receptor antagonist pyrilamine (5 mgkg -1 ) abolished the response to histamine but had no effect on the 2m5HT response ( Table 1) .
Discussion
Histamine exerts a powerful influence on the firing of mesenteric afferent fibres supplying the rat jejunum. The complexity of the response to histamine reflects the contribution of different fibres supplying different elements within the gut wall. In this respect there are at least 2 components to the response profile described previously (13) . The first component has a short latency comparable to the circulation time from the jugular vein injection site to the gut wall, and a transient period of activation lasting just a few seconds. In contrast the second component has both a longer latency and a prolonged period of activation. One possible explanation would be that these two components of the response are mediated by different populations of afferents. Analogous to our previous investigations of the mediator 5-HT, the first component potentially arises from a mucosal site of origin (7). This would be in keeping with the potential source of endogenous histamine in the mucosal mast cells that are abundant in the gut wall and closely associated with the terminals of vagal afferent fibres (21) . In the rat, mast cells are also a source of 5-HT (4) and this amine also has a powerful influence on mesenteric afferent firing through an action on 5-HT 3 receptors on the sensory nerve terminal (8) . In the present study we demonstrate that the majority of mesenteric nerve bundles respond to both histamine and a 5HT 3 receptor agonist, 2m5HT. In bundles with this co-sensitivity, the histamine response is biphasic with an early component, the profile of which is similar to that to 2m5HT in terms of both latency and duration. In contrast, mesenteric bundles lacking a response to 2m5HT also lacked the early component of the response to histamine. This strong correlation between 2m5HT sensitivity and an early response to histamine suggests that these 2 amines act on the same population of afferent fibres that is present in most but not all mesenteric nerve bundles. This conclusion is supported by analysis of single unit activity that indeed identifies some afferents that respond to 2m5HT and histamine with a similar latency and duration. Furthermore, these afferents are distinct from those that show a delayed and prolonged activation. That many of these latter fibres do not respond to distension supports the conclusion of our earlier study that this component of the histamine response is -at least not completely -mediated by mechanosensitive afferents that are activated secondary to an histamine mediated motor response (13) .
The latency of the response to 2m5HT was shorter than that to histamine while the magnitude of the response to the former was also greater. This observation may be consistent with the different signal transduction mechanisms for the two amines with 5-HT 3 receptors being ligand gated ion channels that on activation would lead to rapid depolarisation and the generation of action potentials (9) . The histamine-mediated response, while slower in onset compared to 2m5HT, is still relatively rapid which is consistent with a direct action of histamine on the G-protein coupled H 1 receptor on the sensory nerve terminal. However, the difference in latency to systemic administration of the amines is unlikely to be of functional significance since these mediators would normally be generated and released from within the gut wall. Indeed, it has been recently demonstrated that vagal afferents respond to 5-HT in the intestinal lumen which evokes a maintained burst of firing compared to our transient responses to systemic administration (22) . Since the terminals lie in the lamina propria they will be accessible from both the blood and the lumen. Classically the afferent innervation of the gastrointestinal tract can be divided into vagal afferents projecting to the brainstem and spinal afferents projecting to the spinal cord (5) . A functional interaction between mucosal mast cells and vagal afferents is suggested to underlie the brainstem activation that follows intestinal anaphylaxis (3, 12) although spinal afferents have also been implicated (19) . Previous work from our laboratory has demonstrated a marked mast cell mediated afferent activation during intestinal anaphylaxis (11) . The present observation that co-sensitivity to 2m5HT and histamine is a property of vagal mucosal afferents supports the view that information transfer concerning these events in the bowel wall is transmitted primarily to the brainstem and not the spinal cord. Thus, afferent sensitivity to mast cell mediators would enable the CNS to perceive mucosal "inflammation" in the upper GI-tract.
Following this central perception, an efferent output from the CNS may be conceivable that could serve to organize the peripheral inflammatory response in the gut. Interestingly, there is some data indicating that the CNS indeed appears to modulate mast cell function via a vagal efferent pathway (14, 18) .
In conclusion, the present experiments consolidate our previous observations which showed that histamine has the potential to act as a mediator for mast cell signalling to afferent nerve in the intestinal mucosa. We furthermore provide evidence that part of the histamine sensitivity of mesenteric afferent nerves is mediated by vagal afferents.
These afferents, which appear to be sensitive to both 5-HT and histamine, may act to transmit specific information concerning inflammation in the gut mucosa to the CNS. 
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